In most genetic studies in humans the variability in a quantitative trait is adjusted for variability in concomitants (age, sex, etc) using a single regression equation prior to analyses of pedigree data. To illustrate an alternative approach, a single locus genetic model was tested. This model incorporates genotypic effects on the level of the trait, the variability in the trait, and the relationship between a concomitant and the trait. In this study, the model was applied to measures of age and low-density lipoprotein (LDL) cholesterol in a large kindred with familial hypercholesterolemia. The application of this model to 322 individuals in four generations provided evidence that genotypic variation at a single locus influences LDL levels early in life, the rate of increase of LDL with age and the phenotypic variance. A model with genotype-dependent slope and variance fit the data significantly better than a model with slope and variance independent of genotype. The inclusion of age-specific genotypic differences contributed to identification of high-risk individuals, to statistical support for a major locus, and to evidence for genetic determination of the tracking of LDL levels. Models that incorporate genotype-specific concomitant effects have the potential to represent more realiscally the relationship between genotypic variability and quantitative phenotypic variation than models that assume that these effects do not exist.
INTRODUCTION
Preliminary evidence for segregation at a genetic locus with a major effect on the quantitative variability of a trait is often obtained by fitting a mixture of normal
Mollet a1
distributions to the data (Bucher et al, 1982; Burns, 1982; McGue et al, 1983 : Boerwinkle et al, 1984 . If a mixture of two or three normal distributions fits significantly better than a single normal distribution when the data are considered as derived from a sample of unrelated individuals, then segregation analysis is warranted [Elston et al, 19751 . There are several approaches to modeling the segregation of a major locus effect in pedigrees [Elston and Stewart, 1971; Morton and McLean, 1974; Cannings et al, 1978; Lalouel et al, 19831 , and each has been applied to study the transmission of various quantitative traits [Elston et al, 1975; Namboodiri et al, 1977; Morton et al, 1978; Williams and Lalouel, 1982; Darlu et al, 1983; Hasstedt et al, 1983a; Boerwinkle et al, 1984; Moll et al, 19841. Prior to the genetic analysis in each of these studies, standard regression methods were used to adjust variability in the quantitative trait for variability in one or more concomitants such as age and sex. This adjustment approach assumes that the relationship between concomitants and the quantitative variable is the same for each of the major locus genotypes.
Murphy [ 1979al presented the expected distribution of a quantitative trait when there is a major-locus genotype-specific relationship with age. Although Murphy did not consider the statistical properties of an age-dependent genetic effect, he concluded that the best evidence for a mixture of distributions and the possible existence of a major locus effect would come from investigations of the trend toward bimodality with increasing age.
Here we present an application of segregation analysis that incorporates singlelocus genotype-specific effects on the relationship between age and the low-density lipoprotein cholesterol (LDL) levels in a large French-Canadian lundred with familial hypercholesterolemia, a known mendelian disorder [McKusick, 19831. Our study establishes that, in addition to a general effect on LDL levels, the major locus genotype also affects the rate of increase of LDL with age and the phenotypic variance. We found that incorporation of genotype-specific parameters for these differences into a genetic model improves the identification of individuals at high risk for having the mutant allele and increases the support for a single major-locus effect on LDL cholesterol variability. This example establishes that models which include a genotype-specific relationship between concomitants and quantitative traits have the potential to increase our understanding of the relationship between genotype and phenotype.
FAMILIAL HYPERCHOLESTEROLEMIA
Familial hypercholesterolemia (FH) is characterized by a very high LDL level, the presence of tendon xanthomas in many of the affected subjects, and premature atherosclerosis [Goldstein and Brown, 19831 . This condition is an autosomally inherited trait. The prevalence of heterozygotes in the United States is estimated to be between 1 in 500 and 1 in 1,000 [Vogel and Motulsky, 19791 . The genetic locus determining FH is on chromosome 19 [McKusick, 19841. Heterozygotes have moderate hypercholesterolemia 1350 to 550 mg/dl] from birth, while the rare homozygotes (estimated to be about 1 in a million persons) have severe hypercholesterolemia (650 to 1,000 mg/dl). Serum cholesterol is carried mostly by LDL. The mean LDL concentration in heterozygotes is approximately two to three times the mean for normal individuals. For homozygotes, the mean LDL level is approximately six times that for normals. Homozygotes with FH will have coronary heart disease (CHD) in their teens. Approximately half of the male heterozygotes and a fifth of the female heterozygotes will have overt clinical manifestations of CHD by age 50 [Goldstein and Brown, 19831 . The primary genetic defect in FH results from one of several mutations in the gene specifying the extrahepatic cell surface receptor that controls the degradation of plasma LDL [Goldstein and Brown, 19831 .
MATERIALS AND METHODS The Kindred
A study was initiated to investigate the etiology of hypertriglyceridemia in individuals with FH type IIb. The index case that identified the lundred studied here was selected from a sample of 26 unrelated probands with type IIb hyperlipidemia and well-documented FH who were seen at the Clinical Research Institute of Montreal. The criteria for selection included the number of living relatives and their geographic dispersion. The index case was a 36-year-old man with bilateral xanthelasma, arcus corneae, and tendon xanthomas. His fasting plasma cholesterol level was 370 mg/dl; plasma LDL, 261 mg/dl; and plasma triglycerides, 238 mg/dl. He had the expected partial deficit of LDL-receptors, as measured in surviving lymphocytes by '251-LDL degradation. Shortly before initiation of collection of lipid and lipoprotein measurements in his relatives, he sustained (at age 37) an acute anterosepta1 myocardial infarction from which he recovered.
Of the 508 individuals identified as belonging to the kindred identified by this index case, 378 (four generations) were studied. These 378 individuals included all living first-and second-degree relatives of the index and over 75% of the living, more genetically distant relatives. Of the 378 studied, 321 ranging in age from 2 to 83 years had lipoprotein levels measured. A detailed description of the index case, the individuals in the kindred, the sampling procedures, and laboratory methods is presented elsewhere [Davignon et al, 19831 . Any individual in the kindred who presented with one or more influences known to affect lipid levels (nonfasting, drugs, diet, current pregnancy, recent illness, etc) was evaluated to determine whether resampling was necessary. The distribution of plasma lipid and the lipoprotein abnormalities in the relatives of the index case were consistent with the presence of two separate hereditary lipid disorders: FH in the paternal relatives and familial hyperprebetalipoproteinemia in the maternal relatives [Davignon et al, 19831 . No one studied in this kindred was homozygous for FH.
Least squares regression analyses [Neter and Wasserman, 19741 , which assume that every observation in the kindred is uncorrelated with every other measurement, were used to establish the presence of a relationship between age and LDL in this kindred. There was a significant linear (but not quadratic nor cubic) relationship (p < 0.05) that was not significantly different between males and females. Hence, the genotype-dependent relationship will be restricted to that of age and LDL. The overall estimates of the intercept and slope were 112.39 and 1.06, respectively. Variation in age explained approximately 7.7% of the variation for LDL.
A previous study of this kindred reported heterogeneity in the age-LDL relationship among groups of individuals identified by their relationship to the index case [Davignon et al, 19801 . Further evidence for heterogeneity of the age-LDL relationship was found between two subsets having different clinically defined lipid phenotypes. Individuals were previously assigned to a specific lipid phenotype [Davignon et al, 19831 following the criteria of Fredrickson et a1 [1967] with the additional separation of type IIa from type IIb according to the triglycerides-to-total cholesterol ratio, with type IIb having a total triglycerides-to-total cholesterol ratio of 0.40 or greater. Sixteen individuals could not be classified because of an inconsistency in the interpretation of the lipid and lipoprotein measurements. There were no type I or type I11 individuals in the kindred. The 48 individuals considered to be potential carriers of a mutant allele for FH (type IIa and type IIb individuals related to the index case through his father) were contrasted to the 274 other individuals for the age-LDL relationship with the use of least squares techniques. Between these two groups, the hypothesis of equal slopes was rejected (p < 0.01). The estimates of the intercepts and slopes were 208.9 and 1.77 for the individuals considered to be potential carriers of the mutant allele and 95.1 and 0.95 for the remaining individuals in the kindred. Variation in age explained approximately 38% of the variation in LDL in the former group and approximately 24 % in the latter.
A Genotype-Specific Age-Regression Model
We begin by reviewing the model for the segregation of a major locus effect proposed by Elston and Stewart [ 19711. In the application to the kindred considered here, we assume that one autosomal genetic locus has a major effect on the quantitative phenotype. Variation in the LDL cholesterol among individuals with the same major-locus genotype, which we shall write as g, is assumed to result solely from environmental effects specific to each individual. This variation is denoted 0 2 ,~ (g = aa, Aa, or AA). We assume that in the population sampled there is neither geneenvironment correlation nor environmental correlation between individuals within the pedigree and that Hardy-Weinberg equilibrium and random mating exist in the population from which the kindred was sampled. The major-locus model is usually formulated under the assumption of independence of the genetic and environmental effects. We first review this model and then turn to a presentation of modifications to include genotype-dependent age regression and genotype-dependent environmental variance.
We assume that the locus with the major effect on LDL has two alleles, a and A, and that the relative frequency of allele a is p. The probability, f(g), that an individual chosen at random from the population will have genotype g is predicted by the Hardy-Weinberg law, so that f(aa) = p2, f(Aa) = 2(1 -p)p and f(AA) = (1 -P )~. The genotype distribution of offspring is conditioned on the genotypes of their parents. In general, t(gIgng,) is the probability that a child has genotype g, given that the genotypes of the father and mother are gf and g,, respectively. Mendelian segregation is assumed. A penetrance function, p(x I g), defines the probability-density function of the quantitative phenotype, x, conditional on the gth genotype. If this distribution is assumed to be normal with mean ,ug and variance the expression for the penetrance is Data are related to the parameters associated with allele frequency, transmission of genes, and penetrance by a likelihood function, L, which summarizes all the information available from the measured phenotypes regarding the unknown model parameters. The likelihood of a pedigree of n individuals may be written where the first product is over each individual i in the kindred whose phenotype was observed (i = 1, . . .,n), the second product is over each original j (the individuals whose parents are not included in the kindred), and the third product is over each non-original k (individuals who have at least one ancestor included in the study).
Each original contributes a term of the form C f(g)p(x I g) to the likelihood while each non-original contributes a term of the form C t(g I gf,g,)p(x I g), where in each case the sum is over all possible genotypes for that individual. Equation 2 is, by definition, t@e likelihood of observing all the phenotypes in the pedigree conditional on the pedigree structure and on the parameters that specify p(x I g), f(g), and t(g I gf,g,).
The relationship between genotype and phenotype modeled by Equation 1 does not allow for inclusion of a genotype-dependent relationship between the quantitative trait, x, and a concomitant variable. A more general form of the penetrance function may be written where the intercept and slope of the age regression, and the individual-specific genotype-dependent environmental variance for the gth genotype (g = aa,Aa,AA) are ag, pg and d,g, respectively.
Eight different models (Table I) can be defined which reflect the presence or absence of a genetic influence on these three parameters. Model 8 assumes that the three parameters are equal for the different genotypes-ie, that there is a single normal distribution for LDL at every age that is independent of genotype at the major locus. Because differences in LDL levels are known to exist at birth between individuals with and without the mutant allele for FH, we did not consider models 5 , 6 and 7, which assume equal intercepts. Only dominant models were considered in this application since it is agreed that the rare allele (A) that elevates LDL is dominant Comparisons of the likelihoods and maximum likelihood estimates (MLE) of parameter values in models 2, 3 , and 4 to model 1 test the effects of different genotypes on the dispersion of phenotypic values (ie, the u;,,) and/or relationship between age and phenotype (ie, the Pg), given that genotype affects phenotype displacement [ie, a(aa) <a(Aa) = a(AA)]. Model 8 represents the null hypothesis that the distribution of LDL given age is independent of genotype at a single locus with a major effect in this lundred.
Comparisons between two models can be made by computing the ratio of the maximized likelihood of a full model to the maximized likelihood of a reduced model. The natural logarithm of this ratio multiplied by negative 2 is distributed approximately as a chi-square if certain assumptions hold. Although some of the assumptions may not hold in this application of likelihood analysis to a single pedigree [Cannings et al, 19801 , chi-square statistics are presented along with common logarithms of this ratio. The likelihoods of the models considered were computed using the Pedigree Analysis Package Hasstedt et al, 19791 and maximized with the use of a quasi-Newton method [Lalouel, 19791. To correct for ascertainment, the likelihood of the pedigree was divided by the likelihood of observing the phenotype of the index case [Cannings and Thompson, 19771 .
The likelihood, L, in Equation 2, contains one summation over the three possible gentoypes at the major locus for each individual in a pedigree. This likelihood function may be used to compute the probability of each genotype for each individual in the pedigree conditional on the pedigree structure, the phenotypic values for the individuals in the pedigree, the model selected, and the MLEs of the parameters of the model. The conditional likelihood, L(gi), that a specific individual, i, has a specific genotype, gi, is obtained by replacing that individual's summation in the likelihood for the pedigree by a single term corresponding to a specific g,. The probability that a designated individual has the genotype gi, conditional on what is known about the pedigree, is equal to L(g,)/CL(gi), where the summation is over the three major locus genotypes for individual i. 
RESULTS
The maximum likelihood estimates of parameters and their standard errors under models 1-4 and model 8 are presented in Table 11 . The loglo likelihoods for each model are compared to the loglo likelihood for model 1. The maximum likelihood estimates of the intercept, slope, and variance under model 8, as expected, were in close agreement with those obtained in the preliminary analysis of lipid phenotypes with the use of least squares techniques to establish the presence of an age regression. Since the approximate chi-square statistic for comparing model 8 and model 1 is 305, we reject the model of no genotype effects.
In comparing models 1-4, the estimates of allele frequencies are similar. The differences between genotype-specific intercepts are smaller for models with a genotype-dependent slope (models 1 and 2) than for models with equal slopes (models 3 and 4). In the models with genotype-dependent slopes, the rate of change with age for those individuals with a mutant allele is approximately twice that for individuals with the normal aa genotype. In models with genotype-dependent individual-specific environmental variance (models 1 and 3 ) , the variance for those individuals with the mutant allele is approximately 2.5 times that for individuals with the normal aa genotype, regardless of whether the slope is genotype-dependent or not. The approximate chi-square statistics in Table I1 argue strongly against models 2, 3 , and 4 in favor of model 1.
Approximate asymptotic correlations were computed from the estimated variance-covariance matrix at the maximum likelihood estimates to assess the interdependence of the parameter estimates. These correlations are given in Table 111 for model 1 and model 8. In these models, as well as in the others considered, there is a strong negative correlation between estimates of slope and intercept. This is an expected result under a linear regression [Neter and Wasserman, 19741 . The estimates for allele frequency and for individual-specific environmental variance are not strongly correlated with the estimates for other parameters in the models. Based on the approximate chi-square test of reduced models, on the confidence intervals that can be constructed for the estimates of the parameters in model 1, and on the lack of correlation between the MLEs for CJ:,~ and the other parameters, it appears that not only are the differences early in life (the intercepts) genotype dependent but also the increase in LDL with increasing age (the slopes) and individual-specific environmental variance are different between genotypes.
To identify individuals at high risk for coronary heart disease, we estimated the probability of carrying the mutant allele (Pr(Aa)) for each individual in the hndred. Table III The full model (model 1) and a reduced model (model 4) evaluated at their MLEs were each used to obtain separate estimates of Pr(Aa). These two estimates were compared to assess the effect of excluding the genotype-specific effects on slope and variance on the estimates of Pr(Aa). For each of 314 of the 322 individuals in the kindred, the difference between the two estimates of Pr(Aa) was less than 0.10. Fortyfive of these individuals had a high probability (> 0.90) of having the mutant allele under both models, while the remaining individuals had a low probability (< 0.10). The remaining eight individuals represent those for whom the estimate of Pr(Aa) was very different between models. The difference ranged from 0.10 to 0.57, with a mean of 0.33. Data on these eight individuals are presented in Table IV . All of these individuals were less than age 40, and none were diagnosed as having atherosclerosis, a myocardial infarction, or tendon xanthomas at the time the levels of LDL cholesterol were measured. If we assume that the full model provides the most accurate estimate of the probability of carrying the mutant allele for all individiuals in this kindred, then for seven individuals we would have underestimated Pr(Aa) and for one individual we would have overestimated Pr(Aa) if Pr(Aa) had been calculated under the reduced model rather than the full model. In this kindred with FH, where there is a large displacement between genotype means for LDL at every age, there is a group of rather young individuals for whom the additional information about age-specific genotype effects influences the assessment of probability of carrying the mutant allele.
The measured level of LDL plotted against age for the 322 individuals in this kindred is shown in 
DISCUSSION
Models 1 through 4 considered here are special cases of a general model presented by Murphy [1979a] for the distribution of a quantitative trait in which the level is influenced both by genotype at a single locus and by age. The approach of incorporating the concomitant effects in the model rather than controlling for those effects prior to assessing the role of genotype on phenotype should provide additional support for segregation at a single locus if the locus influences the change in the trait with increasing age (@) and/or the residual individual-specific variances (a;), as well as overall differences (a). Restricting the slopes and variances to be equal for all genotypes (model 4 vs model 1) reduced the loglo likelihood by 5.18 and provided an approximate chi-square statistic of 23.86 (p < 0.01, df = 2) for this comparison in this kindred. The approximate chi-square statistics were 15.60 (p < O.Ol,df = 1) and 5.12 (p < 0.05, df = 1) for model 2 (genotype-dependent slope) versus model 1 and model 3 (genotype-dependent variance) versus model 1, respectively. Others have used approximate chi-square statistics of similar magnitudes to reject a null hypothesis in genetic analysis [Namboodiri et al, 1977; Beaty et al, 1983; Hasstedt et al, 1983bl . Additional information about gene action beyond the effect on displacement between genotype means can be inferred from model 1. While the data in this kindred were cross-sectional, the results are consistent with the role of genetic factors in the determination of the tracking of LDL. Tracking is the persistence of an individual to remain at the same rank within a distribution of peers over time. The MLEs in model 1 predict that the individuals with lower initial values (aaa) will have a lower mean value at any specific age (aaa + @,;age) compared to the mean of those individuals with higher initial values (the Aa individuals). Tracking for LDL has been reported recently for several human populations studied longitudinally. A study of a cohort of 440 children found that the levels of LDL at 6 months were significantly correlated with those at 1 year (r = 0.50) and 7 years (r = 0.35) [Webber et al, 19841. Criqui et al [1983] reported that LDL values measured 6 years apart in 614 adults were significantly correlated (r = 0.68). A study of a cohort of aviators found a correlation of 0.63 for LDL for the 12 years from age 42 to age 54 (Harlan et al, 1984) . The strongest predictor of change over the 12-year period among the aviators was the level at age 42 for LDL. The finding that those with the highest initial levels had the greatest change over the 12-year period is consistent with the estimate of PAa being larger than the estimate of Pa, in model 1. In addition to tracking in longitudinal data, there is often another phenomenon: that an individual with an extreme value on an early measurement will tend to be closer to the mean for a later measurement [Davis, 19761. Cross-sectional data that are available are also consistent with our findings. The Lipid Research Clinics (LRC) Population Studies Data reported in 1980 (visit 2, random sample) for whites pooled for males and females suggest an average increase of approximately 8 mg/100 dl per decade for LDL for normocholesterolemics. For those with aa genotype in our kindred, model 1 predicts an increase of 9.4 mg/100 dl per decade. Our predicted levels for LDL for aa genotype are not significantly different from the means reported for LDL from the LRC.
A separate study of 220 males and 222 females presumed to be heterozygotes for FH provides a comparison with those in our kindred assumed to have the Aa genotype [Gagne et al, 19791 . For each decade, the predicted level of LDL for individuals with Aa genotype in our kindred did not vary more than one standard deviation from the means reported by Gagne et a1 [1979] . Our model 1 predicts an increase of LDL of 18.3 mg/100 dl per decade, while we estimate that the increase per decade up to age 50 was 19.3 mg/100 dl in the sample reported by Gagne et a1 19791. The factors that contribute to the increase in lipid and lipoprotein levels as age increases, regardless of genotype, are not well understood. Age is an index of a number of environmental factors that might be expected to change over the lifetime of the individual; eg, maturation, diet, physical activity, total body size, hormone levels, and stress may all influence the expression of genes that are involved in determining lipid and lipoprotein levels. Most populations of humans and many animal species show an increase of total cholesterol with age [Sabine, 19771 . The increase in LDL in humans is also well documented [Myant, 19811. The genotype-specific estimates of variance in model 1 are consistent with variances in LDL levels reported in the LRC random sample and the study of heterozygotes for FH. Comparison of these two samples shows that at all ages, the heterozygotes for FH have a variance that is at least 2.5 times the variance for a random sample that is composed primarily of normocholesterolemic individuals.
Genotype assignment in this kindred represents an extreme situation in quantitative genetics. With such a small overlap between the distributions of LDL for those with and without the mutant allele, the misclassification of genotype should be minimized. We estimate that 87% of a random sample of unrelated individuals age 30 years would lie outside the region of overlap between the distributions of LDL for those with and without the mutant allele. In any sample enriched for individuals with high LDL levels, misclassification will be increased. If model 1 does provide the most accurate probability of genotype, we would have underestimated the probability of having the mutant allele for seven individuals in this kindred and overestimated for one by using all the information in the kindred but ignoring the genotypic effect on variance and the relationship between age and LDL. Under model 1 we could identify 31 individuals in this kindred who were under age 40 and who had the mutant allele (Pr(Aa) > 0.90) but no atherosclerosis or tendon xanthomas.
These individuals represent a group who are undoubtedly at high risk for developing disease. Three of these 3 1 would have been excluded from this high-risk group under model 4. For traits other than LDL in which the displacement between genotypic means is not as great, the inclusion of the genotype-specific variance and the genotypic-specific relationship between a concomitant and a quantitative trait, when these exist, might be expected to markedly improve the accuracy of predicting which individuals in the kindred are at high risk for having the deleterious allele.
An approach for analyzing pedigree data that is stepwise (first regression analysis and then fitting models of transmission) is computationally easier than the approach presented here. However, if genes are involved in the regression relationship, testing hypotheses about this role of genes is not possible in the stepwise approach. Murphy [ 1979bl has called to attention the preoccupation with estimation of first and second moments in quantitative genetic studies and the failure to consider more realistic models that incorporate higher-order interactions. The example presented here illustrates the consequences for modeling genotype-specific phenotypic variability and relationships with concomitants.
Many studies of quantitative traits begin by applying a transformation to the data. Converting the data into their logarithms is a common approach [Elston et al, 1974; Elston et al, 1975; Namboodiri et al, 1977; Beaty et al, 1983; Hasstedt et al, 1983b; Moll et al, 19841 , since distributions skewed to the right are often made more symmetric by transformation to logarithmic scale and such a transformation is likely to make the variance less dependent on the mean [Sokal and Rohlf, 19691 . We applied a logarithmic transformation to the data in this study and remaximized the likelihoods for models 1 through 4. The approximate chi-square statistics were 11.76 (p < 0.01, df = l), 0.43, and 11.91(p < 0.01, df = 2) for model 2 versus model 1, model 3 versus model 1, and model 4 versus model 1, respectively. The log transformation did remove the significant major-locus genotype effect on the rate of increase of LDL with age. However, the transformation did not remove the highly significant differences in individual-specific environmental effects between those with the mutant allele and those with the normal aa genotype. We question the assumption of homogeneity of phenotypic variance among genotypes that has been made by those conducting quantitative genetic studies. This assumption is certainly not true for all traits influenced by genes at a major locus. Beginning with a model that allows for testing of the assumption of homogeneity of the genotype effect throughout the sample enables one to explore a more realistic set of models.
In conclusion, information about age-specific genotype effects contributes to identification of high-risk individuals, and to statistical support for the major locus, as well as to increasing the understanding of gene action. In this study of a known Mendelian disorder (FH), the predicted effect of the mutant allele is to elevate LDL levels early in life, to contribute to differences in phenotypic variance. The commonly used log transformation did not remove the genotype differences for the first and last effects. Models, such as the one presented here, that incorporate genotype-specific concomitant effects have the potential to more realistically represent the relationship between genotype and phenotype for many human quantitative traits than do models that assume these effects do not exist.
